A coaxial contra-rotating open rotor belongs to the next generation of aero-engines. It has an efficiency that is about 30% higher than that of a conventional turbojet engine. However, because of the high noise level, the open rotor has not been introduced into the commercial aviation market. Although there have been numerous efforts to reduce its noise level, the need to accurately predict the unsteady and complex flow field around the open rotor makes it difficult to apply the conventional design methodologies. In this paper, we introduce a state-of-the-art design methodology for solving the unsteady flow field problem of the lownoise open rotor design. A harmonic balance method that is an order of magnitude more efficient than the conventional time accurate CFD method is used to predict the aerodynamic performance of the open rotor. With the accurate formulation of the governing equations through the harmonic balance method, a design method that uses a surrogate model is employed to find optimum configuration that minimizes the noise level and total power at a constant thrust level. A noise prediction is made using the Farassat formula, derived from the Ffowcs-Williams-Hawking's equation. To efficiently search for the optimum configuration, the design optimization is divided into the rotor topology design level and blade planform design level. In a previous study, we investigated the optimum rotor topology parameters such as the blade radii, rotor spacing, and pitch angle of the aft rotor. In this paper, an investigation is conducted to determine the optimum planform variables such as the twist angle, chord length for several design sections, and tip shape control parameters for the aft rotor. A genetic algorithm is used as a multi-objective optimization algorithm in combination with the Kriging surrogate model. Through the planform design for the aft rotor, the noise level and power consumption of the optimum rotor are reduced by 0.6 dB and 6.8% respectively. Nomenclature Ψ = azimuth angle of rotor T = thrust of rotor C t = rotor thrust coefficient C P = rotor power coefficient C q = rotor torque coefficient η = rotor efficiency
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I. Introduction
s the environment and energy become more pressing issues in green aviation these days, an open rotor for an unducted prop fan is drawing greater attention because of its high by-pass ratio and great propulsive efficiency. It is known that a coaxial contra-rotating rotor can reduce fuel consumption by up to 20%-30% relative to classical turbofan engines 1 . However, the noise and vibration issues are the biggest barriers in placing an open rotor in full service today.
There have been many efforts to investigate the noise characteristics of an open rotor and develop an optimum design through experimental tests and numerical simulations to reduce its noise level. The noise characteristics of various open rotor configurations were examined by Woodward 2 . The noise directive was measured and considered with respect to the rotor spacing, rotor diameter, operational angle of attack, blade loading, and number of blades in the take-off condition. Peters et al. 3 computed the aerodynamics and noise level of an open rotor and designed a lownoise configuration. The aft rotor diameter was reduced to avoid aft rotor blade interaction with the tip vortex generated from the front rotor, and the number of blades was increased to produce more thrust without an increase in blade loading. The rotor spacing was also increased to attenuate the strength of the tip vortex and the viscous wake from the front blades. Using these design parameters, a redesigned open rotor demonstrated a noise reduction of around 9 EPNdB compared with the baseline configuration.
On the other hand, accurately predicting rotor flows is challenging because the flow unsteadiness and turbulence are dominant for a coaxial contra-rotating rotor. A high-fidelity analysis of a conventional, time-marching CFD computation is typically used to predict the details of flow phenomena. In addition, a large computational domain with a high-resolution mesh topology is required to resolve the complexity of the trailing vortices from the blade tips and to predict their interactions with other blades and the effects of the wake-induced inflow on the rotor. This causes a dramatic increase in the computation time and memory. This makes it very difficult to produce a reliable and high-fidelity design for an open rotor, and the many attempts to design a low-noise open rotor have primarily utilized sensitivity studies of the design parameters involving numerical simulations or wind-tunnel experiments. A popular design optimization method such as an evolutionary algorithm or an adjoint-based solution method, which is common in fixed wing design, is somewhat limited when applied to open rotor design, mostly because of the expensive computational cost related to the flow unsteadiness. A direct use of the conventional time-marching CFD method in the design requires a fully converged flow solution at each physical time step throughout several revolutions, which should be repeated over numerous design iterations. This is computationally prohibitive and often practically impossible to carry out for the design of a complete three-dimensional geometry.
The main purpose of the current study is to introduce an alternative high-fidelity CFD solution technique, a harmonic balance method, to effectively deal with the issues of accuracy and efficiency, and then integrate it into the design optimization framework for a low-noise open rotor configuration. Frequency-based CFD methods have been proposed by numerous researchers and applied to solve engineering problems involving periodic flows such as for the engine compressor, pitching airfoil, and rotating blades 4, 5, 6 . Although they have slightly different implementations, the solution approximations of these methods commonly use a discrete Fourier series and employ a spectral derivative operator to remove the time dependence of the governing equations. In particular, the harmonic balance method can further improve the computational efficiency by reducing the spatial computational domain by the number of rotor blades. Im et al. 7 developed an implicit harmonic balance method to accelerate the solution convergence, and the convergence of this method was an order of magnitude faster than that of an explicit timemarching computation. Thus, in our study, the implicit harmonic balance method was used to resolve the open rotor flows, including the downstream vortex wake. To prove the accuracy of the method, wind-tunnel experiments were carried out using a scaled model of the current open rotor configuration, and the results were directly compared with the harmonic balance results. Good agreement was shown in predicting thrust levels using various rotating speeds.
In summary, an efficient and yet highly accurate design optimization framework for a low-noise open rotor is constructed by using the implicit harmonic balance method. In the previous study, we investigated the optimum rotor topology, including the radii of the front and aft rotors, the axial distance between the front and aft rotors, and the collective pitch angle of the aft rotor. As a result, a noise reduction of about 5 dB was achieved, while maintaining the baseline thrust level. Here, we mainly focus on the planform design parameters of the aft rotor. The chord length, twist angles at several radial locations, and leading edge coordinate of the tip section are regarded as the planform design parameters. Because the flow induced by the front rotor significantly affects the aerodynamic and acoustic performance of the aft rotor, it is meaningful to search for the optimum configuration of the aft rotor. In particular, using the current design variables, we consider the effect of the tip shape, including the anhedral/dihedral angle and sweepback/sweepforward configuration, which are known to be a way to reduce the noise level 8 . In addition, varying the chord length at the tip section could control the taper ratio of the aft rotor blade, which may influence the aerodynamic performance of that rotor. 9 The baseline of this study is the optimized open rotor system obtained by the previous rotor topology design. Although the noise levels under several flight conditions, including take-off, cruising, and descent, may show different noise pattern characteristics and aerodynamic characteristics, we focus on the take-off design condition. However, the current design framework is fairly independent of the flight conditions and can be applied to all phases of flight missions. A gradient-free search algorithm is used in combination with the surrogate model of the Kriging response surface. This design strategy was developed and successfully applied in our previous studies 10 . It is applied to the current open rotor design without much modification, although the details of the analysis methods and the choices for the design variables are different. The multiple objectives of low noise and a low torque/power level are sought for the take-off condition, while maintaining a constant thrust level. In conclusion, the converged design result shows an optimal rotor configuration with a noise reduction of 0.6 dB and a power/torque level reduction of 6.77%.
The organization of the paper is as follows. The analysis methods for the aerodynamics and sound power are explained in Section II. The methods are validated by solving AH1G rotor blade flows, and the solutions are compared with the experimental data. The results of a wind tunnel experiment using the scaled model of the open rotor and their validation are also provided. In Section III, the design framework for the open rotor design and the previous design results are introduced. We also discuss the design results that explain the problem statement, the design framework, and the detailed design results. Finally, the conclusions and future work are summarized in Section IV.
II. Analysis Methods and Validation
A. Harmonic Balance Method for Aerodynamic Simulation
Formulation
To derive the governing equations of the frequency domain techniques, the general time domain governing equations are presented as Eq. (1):
The residual R and solution Q are assumed to be periodic in the time domain, and R and Q can respectively be expressed as Eq. (2) and Eq. (3) in a Fourier series with a finite number of harmonics:
In Eq. (2), the Fourier coefficients of the conservative variables are not functions of time, and by substituting Eq. For the M matrix (
, and the other value is 0. Q and R in Eq. (5) are arranged as shown in Eq. (6) and Eq. (7), respectively:
Here, for a non-linear relationship for Q and R , it is very difficult to solve Eq. (5) 
The Fourier coefficient terms ( R Q, ) in Eq. (5) are replaced by Eq. (8) and Eq. (9) . It is also rearranged to form Eq. (10) . To facilitate the flux term computation, the inverse Fourier transform is multiplied:
where D (
) is the spectral operator in Eq. (11) . By applying pseudo-time stepping in Eq. (11), we can express the harmonic balance method in its final form
Flow solver
The inviscid Euler solution method is available with both time-accurate and harmonic-balance methods. A dualtime stepping method is used for a time-accurate unsteady solution, and the diagonalized ADI method is used for pseudo-time iterations to obtain a steady-state solution at each time-step 13, 14 . Both explicit and implicit treatments of the pseudo-time integration of the harmonic-balance method are available. Even though the explicit form of the harmonic-balance method is also utilized for comparison using four-stage Runge-Kutta time integration, we mainly use the implicit harmonic-balance method in the time-domain method with the diagonalized ADI method. Each spatial numerical flux is discretized using Roe's FDS scheme. To obtain higher accuracy, the third-order MUSCL scheme is applied.
B. Validation of Harmonic Balance Method: Accuracy and Efficiency
Hovering and non-lifting forward flight of single rotor
Before applying the harmonic balance method to the coaxial rotor flow analysis, both the hovering and the forward flight of a three-dimensional helicopter rotor were simulated. The two-bladed Caradonna-Tung rotor 15 was used for both flight conditions, as the wind tunnel test data were available for the comparison. The rotor blades did not have twist and were set at the collective pitch angle of 8°. For the hovering case, wind-tunnel test data with two tip Mach numbers were available, with M Tip = 0.439 and 0.877 cases. Although both cases were analyzed in the current study, the results under the transonic flow conditions are presented in this paper. A multi-block grid system was used and gave a periodic boundary condition at the vertical section of the cylinder, as seen in Fig. 1 .
Although a single blade with steady computation was enough for the hovering computation, the harmonic balance with three harmonics was used just to test the applicability of the current method to three-dimensional rotor flows. The pressure coefficients over the cross-sectional airfoils at the four spanwise locations of r/R = 68%, 80%, 89%, and 96% are plotted in Fig. 2 and compared with the experimental data, as well as the time-accurate computation results. Toward the blade tip area, a transonic shock is formed on the upper surface of the airfoil. Although a small number of discrepancies are present between the experimental results and the time-accurate results, especially in the deceleration region of the upper surface around the transonic shock region, excellent agreement is shown between the time-accurate computations and the harmonic balance results with different numbers of harmonics. A second rotor simulation test case used similar blades but under non-lifting forward flight conditions. A rotor having rectangular blades with no twist and no collective pitch angle was used. The tip Mach number was 0.8, and the advance ratio was 0.2. The pressure contour on the blade surface is shown in Fig. 3 , along with the free-stream flows in the z-direction. Figure 4 shows the pressure coefficient of the blade surface at 89% of the radius. The number of harmonics varies from 5 to 15. The numerical results are converged from nine harmonics and coincide with the experimental results. To investigate the efficiency of the implicit harmonic method, the computation time with respect to a varying number of harmonics is estimated and plotted in Fig. 5 , and is normalized by the time of the 0 harmonic. Compared with other frequency-based solution methods 12 , which showed a quadratic increase with a varying number of harmonics, the current method shows a linear increase and thus better efficiency with respect to time. This is because the matrix structure of the flux Jacobian is such that the off-diagonal terms are mostly equal to zero, and linear increases in the element size and the corresponding operation count are expected in the spectral derivative matrix with an increase in the harmonics. This is the main advantage of the current implicit harmonic balance method over the conventional fully implicit temporal integration method.
The total wall-clock CPU time for a fully converged flow solution was estimated and is directly compared with the results for the conventional time-marching CFD solver in Table 1 . For the time-accurate method, the rotor flow analysis converged after six revolutions with a physical time step of 1° of azimuth angle. The result shows that the present method with nine harmonics is about seven times faster than the conventional time-accurate method. From the perspective of the design optimization of the open rotor, this time saving factor is multiplied by the number of total design iterations, which typically reaches several hundred, and the corresponding time saving is significant. 
Figure 5 Computation time with respect to number of harmonics
Coaxial contra-rotating open rotor
Next, the harmonic balance method was applied to an open rotor system, which is one of the types of coaxialcontra-rotating rotors. Applying the harmonic balance method to an open rotor was meaningful because the aerodynamics characteristics of this rotor system are similar to those of our design target rotor. The design of a lownoise and fuel-efficient open rotor configuration is on-going research 10 . The configuration of the open rotor is shown in Fig. 6 , along with its corresponding mesh topology for the numerical computation. The front and aft rotors have a total of eight blades each, rotating in opposite directions. The configuration of each rotor is adopted from a modified NASA SR-7L geometry, and two identical single rotors are combined to form the baseline of our coaxial contrarotating rotor.
Figure 6 Configuration of open rotor and mesh topology for CFD computation
To verify the accuracy of the harmonic balance analysis and a noise prediction method, an 11% scaled windtunnel model of the current open rotor system was constructed and tested using various inflow conditions. The results for the take-off flow condition are shown in the current paper. The free stream Mach number was 0.2, and the Reynolds number was 2.44 × 106. Figure 7 shows the model of the contra-rotating rotor system mounted in a wind tunnel, which is located at Chungnam National University, S. Korea. The wind-tunnel test section has a size of 1.25 × 1.25 m 2 , and it is used mostly for subsonic flows with Mach numbers up to 0.2.
Figure 7 Wind tunnel test of open rotor system
The rotation speeds varied from 1000 to 3500 rpm in the experiments, and a numerical simulation was carried out at each rotational speed to validate the experiments. The component thrust levels of the front and aft rotors were calculated and are compared with the experimental data in Fig. 8 . A good agreement for the total thrust level was shown between the experiment and the numerical prediction. It should be noted that the numerical prediction of the thrust level in the aft rotor was less accurate than for the front rotor. An increase in the mesh resolution in the area between the front and aft rotor and the inclusion of higher harmonics in the flow approximation of the harmonic balance method could improve this situation.
The average thrust coefficient values for all the rotation speeds are compared in Table 2 , and excellent agreement is seen between the experimental and the numerical results despite the slightly lower accuracy in the aft rotor flow computation. The direct use of the harmonic balance computation method with a well-known optimization algorithm such as an evolutionary algorithm would be prohibitively expensive despite its efficiency because of the large number of function evaluations required in the random search process. The computation of gradient sensitivity information also requires numerous function evaluations in the finite difference method: N + 1 function evaluations at each design iteration if we have N design variables and use the 1 st order backward or forward finite difference formulation. Although a state-of-the-art adjoint solution method can greatly reduce this computational burden, the implementation of the adjoint formulation of the flow governing equations based on the harmonic balance method is not trivial. However, this represents an ongoing effort by our research group.
Figure 8. Design framework
As an alternative way to the direct use of the CFD computations in the optimization algorithm, a popular approximation method that uses a surrogate model of the CFD solutions was introduced in our optimization process, and a Kriging response surface technique 16 was chosen. The Kriging method has numerous advantages over the other types of response surface methods (RSMs) for polynomial-based regression models: it can predict multiple extrema and the discontinuities of the design space to some extent. The computation time for the entire optimization procedure is paid upfront for the evaluation of the pre-selected sampling points. Then, finding optimal values on the response surface takes only a few seconds or minutes. However, the accuracy of the Kriging surface is the most critical factor in the use of the surrogate-based optimization process, and any optimal point that is found should be validated. Figure 8 shows a graphical representation of the design framework of the current study that integrates the surrogate model of the CFD computations and the genetic algorithm-based optimization process. A multi-objective genetic algorithm (MOGA) 17 was employed to handle two or more objectives with constraints. Finally, a Pareto front was acquired from the final population of the genetic algorithm.
Kriging response surface
A Kriging model 16 is an interpolation-based model that is popularly used in numerous engineering fields. Compared to regression models, which are mostly based on polynomials, it has a distinguishing feature of interpolating all of the sample data. A regression-based model such as a least square method uses polynomial regressions and does not guarantee that the numerical responses pass through the sampling data points. However, an interpolation-based model of a Kriging response surface always passes the sampled data. These features help the model to better depict non-linear and complex responses. A detailed mathematical formulation of the Kriging model is omitted here, but a brief summary is as follows:
The Kriging model is defined as the sum of polynomial term () fx and deviation () Zx, as in Eq. (18) .
The polynomial term can be rewritten as a combination of the basic function () j fx and its coefficient
The Kriging model, in general, ignores the regression term, and the Kriging approximation is affected only by a deviation term. The deviation term in Eq. (19) is represented by a normally distributed Gaussian process, which takes into account the uncertainty of the prediction, in other words, the bias in the mean prediction value. A correlation matrix was constructed to determine the deviation by measuring how far apart any two sample points are located in space, and is written as
where k  and k p are parameters that determine the amount of influence between any two sample points. In the approximation process, an arbitrary point that we intend to investigate is exponentially proportional to the distance from all the sample points. Finally, the deviation in Eq. (19) could be calculated using Eq. (20) with an appropriate parameter estimation process 18 .
Multi-objective evolutionary algorithm
A MOGA 17 was employed to handle two objectives: the power/torque level and the sound power level. In this study, the probability of crossover was 0.85 and that of mutation was 0.05. The number of individuals in a population and the total design generation were 64 and 500, respectively. Finally, a Pareto front that consisted of the optimum candidates was obtained from the final population in GA.
Design of experiments
The training points for the Kriging model construction were sampled based on the Latin hypercube sampling (LHS) technique and a total of 46 sampling points were selected. All the sampling points were evaluated by the CFD solver of the harmonic balance method, and then, the results were post-processed to compute the aerodynamic coefficients and the sound power level, as shown in Figure 8 . The sampling points and their aerodynamic and noise properties were used to construct the Kriging model. The initially generated Kriging model was evaluated using a mean-square error (MSE) analysis. If the Kriging model was not statistically well-trained, an adaptive sampling strategy was applied. Because the response near the maximum MSE location may be inaccurate, we added the points at that location to the initial training point set.
B. Open rotor topology design
In the previous study 10 , we investigated the optimum rotor topology design parameters such as the rotor radii, spacing, and pitch angle of the aft rotor, as shown in Figure 9 . Table 3 summarizes the results from the rotor topology design optimization. The noise loudness level was reduced by 5 dB, and the power consumption was reduced by 5%. A shorter distance from the front to aft rotor helped to enhance the swirl velocity induced by the front rotor and more directly affected the aft rotor. Because the reduction of the aft rotor radius might prevent the vortex shedding from the front rotor, the noise loudness level could be diminished. In addition, a pitch angle increase could compensate for the decrease in the aft rotor thrust caused by decreasing the rear rotor disk area. The optimum blade topology for the open rotor was considered as the baseline in the planform design study. 
C. Open rotor planform design 1. Problem statement
The configuration of a baseline coaxial contra-rotating rotor was set to the optimum rotor blades obtained in the topology design. The front and aft rotors had a total of eight blades each, rotating in opposite directions. As mentioned in Section II, the rotor configuration was adopted from a modified NASA SR-7L geometry. Although the number of blades is known to directly affect the thrust level and noise performance of contra-rotating rotors, it was fixed in our study to increase the efficiency of the harmonic balance method. If the rotating speeds or number of blades for the two rotors are changed, the number of fundamental harmonics for the solution approximation of the harmonic balance method should be increased, which will cause an increase in the computation time and memory. However, it is planned in future work to consider different numbers of blades and varying the numbers of blades in each rotor. In addition, the take-off flow condition was used for the design of the open rotor, with a free-stream Mach number of 0.2 and a tip Mach number of 0.716. A total of five harmonics were used for the solution approximation of the harmonic balance method in the current study, which was less than the number of blades in each rotor. It should be noted that the high frequency-related flow phenomena such as blade vortex interactions may not have been accurately predicted in the current study, and the results contain steady and low-frequency components of the aerodynamic and noise characteristics. With a greater number of harmonics, the details of the blade and vortex interactions between the front and aft rotors could be predicted and will be analyzed in future work.
Moreover, the current computation was based on the Euler flow solutions, and the details of the viscositydominant wake structures may not have been accurately predicted. The use of the viscous Navier-Stokes solver is planned in the future work with greater computation time and memory at hand.
Design variable
Continuing from the previous topology design study, we take into account planform variables such as the twist angle, chord length, and tip shape parameters of the aft rotor as design variables, as shown in Figure 10 . We focus on the aft rotor to reduce the rotor spacing. Namely, shortening the distance between the front and aft rotors may help the flow induced from the front rotor to directly influence the aft rotor. The shape of the aft rotor blade was designed with the goal of enhancing the aerodynamic and acoustic performances. The design sections were located at 77%, 88%, and 100% r/R and were called A, B, and C, respectively. At these locations, the twist angle defined by the quarter chord axis and the chord length are parameterized as shown in Figure 10 . Figure 11 shows the blade shape change along the tip shape parameter sweep. Various tip shapes for the aft rotor were obtained using the current design variable set. In summary, a total of eight design variables were used in this study. The design variables used in the planform design study are as follows.
 Chord length scales at design sections A, B, and C ( In this study, the upper and lower bounds of the twist angles were set to +5° and -5°. The chord length bounds were determined with reference to the chord length distribution of adjacent sections. Figure 12 shows the design variable movement ranges from the initial values. Vertical movements (normal to rotational plane) of the tip shape parameters equal to ±5% R were permitted. In addition, movement in the horizontal (tangential rotational plane) direction was permitted equivalent to the amount of the tip chord length. 
Design objective
A major objective of our study was to reduce the noise level of an open rotor, while maintaining the baseline thrust level and possibly reducing the total power. The noise level was measured by the sound power level and was calculated from the surface integration of the sound pressure at an imaginary sphere located away from the center of the aft rotor configuration by a distance of three times the rotor radius. The directivity of the sound pressure field was also computed at various azimuth angles around the rotors. A simple schematic is shown in Figure 13 , and the imaginary sphere and directivity of the noise measurements are plotted. 
D. Sensitivity Study for Design Variables
Prior to the design optimization, we have performed the sensitivity study for both the rotor topology and the planform design variables. To calculate the sensitivity of each design variable, design variables are perturbed by 5% to the baseline. Sensitivity for the design variable is not meaningful to take into account the absolute value, so we normalized it by the largest value. Table 4 shows that the relative sensitivity for the each design variable. The most sensitive to the dependent variables such as thrust, power and noise loudness level is the radius of the front rotor. For both the thrust and power level, the leading edge coordinate along normal direction z LE is the second sensitive parameter. It is noticeable that the rotor spacing is the second most sensitive parameter for the noise loudness level. In addition, the blade planform variables have same influence on the rotor performance as the topology variables of the rotor spacing and the pitch angle of the aft rotor.
E. Optimization results and validation
Training points for the Kriging response surface model were initially randomly distributed using the Latin hypercube sampling. We then added some training points at both the maximum MSE location and the optimum location. At the training stage for the response surface, the optimum found by the optimizer may not be the true optimum because the response surfaces were not sufficiently trained. This is one of the effective ways to train a response surface. In other words, this is one of the strategies in an adaptive sampling methodology 19 . In this study, we used 46 samplings to initially train the Kriging response surface. To enhance the accuracy of the response surface, nine samplings were sequentially added. A pareto frontier obtained by the MOGA is shown in Figure 14 . Any points on the front can be considered to be an optimum. We chose appropriate candidates for the optimums shown in Table 5 . Note that the negative difference in the tip shape parameter, △z LE , is in the direction to cause the anhedral effect and to cause △y LE to sweepforward. The twist angles at sections A and C increased by 1.17° and 4.82°, respectively, but it decreased by 4.99° at section B. According to the Vena Contracta 20 effect arising from the flow induced by the front rotor, theoretically in hover, the stream flows inboard of the aft rotor disk plane were about twice as fast. For the purpose of maintaining a constant thrust level, the optimizer helped to increase the twist angle at inboard section A. One of our design objectives was to reduce the power consumption, in other words, reduce the torque in the aft rotor. The torque could be decreased by decreasing the twist angle of outboard section B. In addition, the increase in the twist angle at section C could be interpreted in company with the tip shape parameter variation. Figure 15 and Figure 16 show the three-dimensional configuration of the optimum rotor blade shape. A sweepforward with an anhedral tip shape is observed in these figures. The noise loudness level could be decreased by modifying the tip vortex shedding pattern 8 . In addition, to reduce blade loading, the chord length scales at three design sections were determined to be less than one. Figure 17 shows a wall pressure contour comparison between the baseline and optimum rotor blades. The low pressure region on the pressure side of the aft rotor blade was shrunk compared to that of the baseline for the power reduction. Although an insufficient number of sampling points were used to train the response surface, focusing on the tendency shows that the response surfaces had very good accuracy. A comparison of the real responses of the optimum and the baseline shows that the noise loudness level decreased by 0.6 dB and the power coefficient decreased by 6.77%. The results show that no major rotor performance enhancement was obtained by using the planform parameters of the aft rotor, compared with the rotor topology design. However, it could be proved that the planform design of the aft rotor could be one way to obtain further improvements in both the aerodynamic and aeroacoustic performances. 
IV. Conclusions
An implicit harmonic balance method was developed that could efficiently predict a periodic flow field. A twobladed single rotor system and coaxial contra-rotating rotor system were used to validate the accuracy of the harmonic balance analysis. Continuing the preliminary design work for an open rotor, we conducted planform design work for the aft rotor using the same design framework 10 . A design method based on the surrogate model of a Kriging response surface was employed, and a straightforward multi-objective genetic algorithm could be used to find the optimum. The twist angles, chord length scales at several radial sections, and tip shape parameters were used as design variables. Although we considered only the aft rotor shape variation, the noise loudness level and power consumption of the optimum shape were reduced by 0.6 dB and 6.77%, respectively. These results showed that an additional performance enhancement could be achieved by the planform design for the aft rotor. In future work, we will perform design optimization using not only shape variables for the aft rotor but also those for the front rotor. In addition, by considering the blade section shape as a design parameter, we will conduct detailed design for the open rotor.
